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NACA RM No. I8Co2

NATIONAT, ADVISORY COMMITTEE FOR AERORAUTICS
RESEARCHE MEMORANDUM

SOME FILICGHT MEASUREMENTS OF PRESSURE-DISTRIBUITON
AND BOUNDARY-LAYER CHARACTERISTICS IN
THE PRESENCE OF SHOCK

By John A. Zalovecik and Ernest P. Iuke
SUMMARY

Sone pressure—distribution and boundery—layer measurements were
made in £light in the presence of shock on two modifications of the
local conbour of the winge of a high-speed asirplemne. One conbour was
designed to have meximum curvebure at 32 and 56 percent chord on the
upper surface end the other to have maximm curvabure at 36 percent
chiord on the upper surface. The conbours hed practicelly the same
critical Mach numbers (0.63 at a 1ift coefficient of 0.18). On the
contour with the single curvature pesk, shock formed immediately
behind the pesk curvature and moved downsbtreem wlth Increasing Mach
number. On the other contour, shock first formed behind the first
curveture peek end, as 1t moved downstream with increasing Mach number,
a second shock appeered just behind the second curvature psak. At
Mach numbers greater then 0.723 the flrst shock coalesced with the
gsecond downstreem of the second curvature pesk. Nelther of the two
shocks nor the camblned shock was so intense as that on the conbour
with the slngle pesk curvature. As a result, the effects of shock on
the boundsry leyer, which was turbulent in the reglon of mixed flow
on both contours, were more severse on the contour wlth the single
curvature peek at least up to a flight Mach number of 0.731l. On
both contours the displacement thlckness and the shape paremster
(ratio of displacement thickness to momentum thickuess) increased
rapidly through shock. Downstream of shock the displecement thick—
ness lncreased at a slower rate but the shape peremeter decressed.
The displaceuent thickness lincreased as much as 350 percent through
shock on the contour with the single peek curveture. At the same time
the shape parameter increased to about 4.0 behind shock but decreased
to 1.9 farther downstream. (Values of the shape parameter of 1.8
to 2.6 are usually associated with separstion or imminent separation
at low speeds.) Surface tuft observations indicated separation of
the turbulent boundary layer behind shock with reattachment down—
stream. WNo flow separation was observed from tuft surveys on the
contour with the double pesk curvabture at least up to a flight Mach
number of 0.7T31l.
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INTRODUCTION

In a recent study of alrfoll conbours for the wing—flow method of
obtaining data at transonic speeds some pressure—distribution measure—
ments and boundary-leyer surveys were made I1n the presence of shock
on two modificatlions of the local conbtour of the wings of a high-speed
alrplane. Because of the current interest in the interactlon of shock
and boundary lesyer, these measuraments were extended scmewhat beyond
those plenned for the originel investigation.

The dste presented are confined to flow with a turbulent boundary
layer eshead of shock for Reynolds numbers, bssed on momentum thickness,
up te 10,000. A very detailed wind—tumnnel investigation »f the
interaction of shock with both laminsr and turbulent boundery layers
was reported in reference 1 by Ackeret, Feldmarm, and Rott. The
Reynolds number of the turbulent boundery leyer investligated in
reference 1 ranged from 1159 to 2315.

SYMBOILS
X distance along chord from leadlng edge
¥y distance above surface;-or.gbove chord line
c wing section chord. (74.5 in. ):
r local radius of curvature
M Mach number
Cy, alirplane 11ift coefficlent
o] density '
u velocity
ho] static pressure
Py total pressure
a dynemic pressure (%- pu2>

B pu
o] displecement thickness < — —
o

Ps%s
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e momentum thickness (ﬁ = 1— = d3>
o PsY% us

& boundary—layer thickness

E shape perameter (5%/6)

Re boundery—layer Reynolds mumber (ugé/vg )

v kinematic viscosity

a Prandtl number

T temperature, °R

Subscripts:

o] free stream

o] edge of boundery layer

w wlng surface

B shock

cr critical

u upper

A lower

APPARATUS AND TESTS

The two wing contours investligated were modifications of the
wings of & P-H51D alrplane. The modificabtion congisted of the addition
of a metal bump to the upper surface between 10 and TS5 percent
chord and between 45 and 65 percent semispan. Except in the region
where the bump faired Into the wing surface, the bump had a thickness
of at least 0.3 inch. This surface may therefore be considered as
practically rigid. A sketch of the airfoil contours, referred to as
contours A and B, is shown In figure 1 and the ordinates are given
in table T,

Static—pressure measurements were made elong the upper surface
of both combours with 22 flush orifices located between 17 and
63 percent chord. Total—pressure measurements in the boundary layer
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were made with racks of 8 or 1l total—pressure btubes. Static pressure
in the boundary layer wes measured only at the surface by means of

en orifice at the same chordwlse position as the boundary-layer rack
but removed spenwlse from it by 2 Inches. All the pressures were
recorded photographically with instruments using pressure dlaphragms.
The flow condlitions in the boundary layer were also obasserved in

soms of the tests by means of tufts (wool yerm) atbteched to the upper
surface of each contour from ebout 45 percemt chord to the trailing
edge. The behavior of the tufts wes photographicelly recorded.

. -~---The tests were made in high—speed dives, from an altitude of
28,000 feet_to about 21,000 Test, in which alrplene Mach mumbers
from 0,53 to C.75 werg-attained end during which the measurements

“Yere continuongly recorded. For the boundary-layer surveys on

contour A, the racks were located at 41.9 and 52.0 percent chord, as
shown in figure 2, end the measurements were mede simultaneously at

thege stations. Measurements-were also made wilth a rack located only
at 62.5 percent chord. On contour B, one rack was used on the
surface per test (fig. 3) and the tests were repeated for rack
positions at k5.6, 49.6, 5h.k, and 62.3 percent chord.

RESULTS AND DISCUSSION

Pressure digstribution.— Some distributions of locel Mach number
oulgide the boundary layer (Ms) along the chord are presented in
figures 4 and 5 for contours A and B s respectively. The local

curveture L. as determined from measuremsnts mede with a curve—
r/c

ture gage, ls also plotted in each of figures 4 and 5. The design
curveture 1s shown for comperison.

The distribution of My for contour A, at subcritical speeds,
indicated two positions of minimum pressure, one corresponding to
meximm curvature at 32 percent chord and the other to maximmm
curvature at 56 percent chord. The curvature at 32 percent chord
was greeater than that at 56 percent chord. ILocal veloclity of sound
was flrst attained at the forward position of maximm curvature at
an airplane Mach number of 0.635. At higher Mach numbers shock
formed behind the forwerd position of maximm curvature and, as it
moved downstream with increasing Mach mumber in the dive, shock was
followed by an expansion to local supersonic flow and e second shock
imnediately behind the rear posgition of meximum curveture. In
approaching the second positlon of minimum pressure the Indicated
compresslon shock decressed in magnitude. At free—stream Mech
nusbere greater than 0.723, the forward shock moved downstream of
the rear position of meximm curveture, Joilned the rear shock, and
thereby formed a single shock. Although the rearward movement of
ghock resulted principelly from the increesing Mach number, there
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was some effect from the decreasing 11ft coefficlent which accompanied
it during the dive. Imn the pull—out condition (high Mach number and
increasing 11ft coefficient) shock moved upstream.

The distribution of My on contour B at subcritical speeds
Indicated minimum pressure at the meximmm curveture at 36 percemt chord.
At speeds grester than critical (M, = 0.632) shock occurred behind
the position of maximm curvature and moved downstream with lncreasing
Msch number in the dive. In the pull—ocut condition (high Mach mumbers
end increasing 1ift coefficient) shock moved upstream and was followed
by boundery—layer separation, as is Indicated by the large values
of MS behind shock. For corresponding flight conditions, the
compression shock on this conbtour sppesred to be more lntense than
that on contour A.

Boundery—layer surveys.— For the conditions investigated, the
boundary layer was turbulent in the reglon of the surveys on both
contours A and B. Some typlcael distributions of Mach number through
the turbulent boundary leyer are presented in Pigures 6 to 8 for
contour A and In figures 9 to 12 for contour B. The variation with
flight Mach number M, of displacement thickness 6*/c , momenmbum

thickness 6/c, Mach number My, and alrplasne 1ift coefficient Cp

as obtained in the high—speed dives snd pull-ocuts is shown In figures 13
and 1k. A sumary of the boundary-layer results 1s presented in

filgure 15 as & plot of the variation with £light Mach number M,

of 8*/c, 6/c, 8/c, H, Ry, Cp, and My for both contours.
Mthough 6/c, 8*/c, and 8/c are presented as variations with flight
Mech number M,, these variatlions are &lso affected by 1ift coefficient
principelly as 1t affects the pressure dlstribution and posslbly as

it effects the positlon of tremsition. The valus of & was determined
by plotting values of M/Ma near the edge of the boundery layer

against y omn log-log paper, falring the polnts with a straight linse,

and then extrapolating the straight line to M = 1.,0. The evaluation

of M, %%, and © from the total— and sta:bh{g—pressure measurements
ig discussed in the appendix, )

In two successlve runs during the tests of contour A, the
distribution of Mach number in the boundary leyer, and consequently o
and 6, sagreed for the survey rack at 41.9 percent chord but showed
considerable differences for the rack at 52 percent chord. The differ—
ences for the rear poeition mey be abitributable to soms form of inter—
Terence of the forward rack on the flow at the rear rack; however, the
locel statlc pressure or Mg 4&id not reflect this Interfsrence.

*

On contour A the increase in displacement thickness through shock
at 41.9 percent chord was about 62 percent. The value of Rg s&head of

shock was 5000, The shape parameter H immedlately behind shock was
in the range of values usually associated with separation, or imminent
separation at low speeds (refersnce 2). At 10.1 and 20.6 percent chord
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downstream of thile shock the boundary lasyer wes appreciably thicker,

but the value of E had decreased to values somewhat smeller then

those shead of shock. The boundaery-layer thickness 8/c showed
practically no variation through shock. With shock occurring at

52 percent chord, the increase in dlsplacement thickness through shock
wag in the range of 30 to 50 percent. The value of Rg ahead of

ghock was 6000 to 8000. The smaller relative increase 1n displace—

ment thickness through shock at 52 percemt chord was probably associated
with the fact that the compression in the boundary layer at 52 percent
chord due to shock (as indicated by the magnitude of the ebrupt change

in My in figs. 4 and 15) was about one—helf the magnitude of the
compression at 41.9 percent chord. The increasse in the value of E
through shock wes swall and was followed by a slight decrease at least
up bo 62.5 percent chord. The variation of boundary—layer thickness &/c
through shock, however, wes conslderable. TFor the test wlth the rack

et 62.5 percent chord, the most rearward position of shock was at

about 57.5 percent chord. For thls condltlon, My = 0.731 and Cp = 0.125,
the value of Rg ahead of shock was estimated to be about 10,000, The
increase in displacement thickness from shead of shock (where thickmess
wes estimated) to 5 percent chord downetreem of shock (or 57.5 to 62.5 per—
cent chord) was of the order of 300 percent. The value of H increased
from about 1.9 to 2.8. Flow surveys made wilth surface tufts during thils
test Indicated that the flow was smooth up to about 7O percent chord.
Downstream of this position there was some uneteadiness in the flow
(evident as slight tuft oscillations) such as is usually assoclated with
thick boundary layers but no separation of the flow even though a value
of H as high as 3.2 at 62.5 percent chord was attained in the pull—
out. No lateral flow or cross flow was epparent from the tuft surveys.

On contour B the displacemenmt thickness increased about 68 percent
through shock at 45.6 percent chord and 120 percent at 49.6 percent
chord. The boundery—leyer thickness & /c s however, showed no
appreciable varistion for either of these chordwise posltions. The
value of R, ehead of shock for these conditions was 6400 end T000

for 45.6 and 49.6 percent chord, respectively. With shock occurring
somewhat ahead of 5.t percent chord, the displacement thickness
increased about 350 percent between ﬁ-9.6 and 54.4 percent chord and
then decreased ebout 30 percent between 5h.h and 62.3 percent chord.
Ths Reynolds number shead of shock for this condition was about TO0O.
The shape paremeter H increased repidly through shock and attalned
vaelues at least as high as 4.0. Downstream of shock the value of E
decreaged. The values of H usually assoclated with separation or
irminent separation at low speeds range from 1.8 to 2.6 %reference 2},
The veluss of H 1in the vicinity of shock are summerized in the
fcllowing table:
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Shock immedietely E
ghead of
Mo chordwise /posi'bion, x/c
x/e 0.456 | 0.496 | o0.544 | 0.623
0.678 0.456 2,05 _2.23 1.90 1.66
.688 JA96 1.78 2.69 2.10 1.67
.13 oSkl 1.82 1.88 4.00 1.90

An atbempt was made in figure 16 to correlate the chordwise distribution
of local Mach number My, the shape paremeter H, and the behavior of
the tufts. The behevior of the btufts and the values of H are
indicated for each Mach number distribution curve. For conditions

where the boundery—layer surveys showed the boundary layer to be
definltely detached from the surface, the shape parsmeter was notb
evaluated but is indlcated in figure 16 by a symbol d. In the region
of shock, the tufts, 1n general, were observed to be oscillat and
raised above the surface (at an appreciable engle In some cases).
Downstream of thls reglon the tufts were elther lying upstream or
flipping back and forth in the chordwise dlirection. Such a behavior of
tufts at low speeds is usually assoclated with separated flow. Still
farther downstream the tufts were lylng dowmstresm but oscillating
laterally. The chordwise extent of local separatiom (tufts lying or
"flipping forward) increased as the flight Mach mmber was increased

end elso as shock moved forward with increasing 1ift coefficlent.
Although no specific values of E cen be assigned to the tuft bsehavior
noted, the tuft and boundary—layer surveys are in agreemsnt in indicating
separation with reettachment. In the reglon of local separation the
distribution of My (fig. 16) indicated a pressure recovery at least

up to 62.3 percent chord or the most rearward position for the pressure-—
distribution measuremsnts. At higher flight Mach numbers sep.retion
mey be more severse since the local Mach nuwber distribution in

Plgure 5 (M, = 0.739, 0.752 and Cp, = 0.15, 0.16, respectively)
indicated practically no pressure recovery beyond shock and up to atb
least 62.3 percent chord.

Effects on test alrplane.— Although contours A and B had
practically the sams critical Mach' number and differed by no more
than 0.3% percent chord in thickness at any chordwise station, the
pressure—distribution and boundary—layer characteristics were more
favorable at high speeds on contour A then on conbour B. In the high—
speed dives and pull-outs, boundary—layer seperation was Indicabted on
contour B but not on contour A, Furthermore, the upper surface of
contour A appesred to produce mors 1ift in the pull—oubts than the
upper surtface of conmtour B. These differences in flow characteristics
acting on a smell portion of the spsn were sufficient to cause an
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unusual behavlior of the test alrplane. In the tests with conbour A

on the right wing and contour B on the left wing, the pllot reported
that the alrplane had to be trimmed to counteract left roll at a Msch
number of about 0.73. This rolling tendency increased so much during
the pull-out that in subsequent tests the flight Mach numbers in the
dive wers limited to lower values in order to retain sufficient lateral
control during the pull—out. The maxlimum normal acceleratlion attain—~
able in the pull-out wes also lower and the buffeting more severe than
for the normsl airplane.

CONCLUDING REMARKS

Same pressure—dlstribution and boundery—layer meesuremsnts were
mede in the presence of shock on two local contour modlficetions of
the wings of a P-51D alrplane. One contour was designed to have
maximm curvature at 32 and 56 percent chord of the upper surface and
the other to have maximum curvature at 36 percent chord on the upper
surface. The contours hed about the same critical Mach number (0.63 at
a 1ift coefficient of 0.18). On the combour with the single curvature
peak, shock formed immediately behind the peak curvature and moved
downstream with increasing Mach number. On the other contour, shock
Tirst formed behind the filrst curveture peek and, as it moved down—
stream with incressing Mach number, a second shock appeared Just behind
the second curvature peak. At Mach nunbers greater than 0.723 the
firest shock coalesced with the second downstream of the second
curveture peek. Neilther of the two shocks nor the combined shock was
so Intense as that on the contour with the slngle peak curvature. As
a result, the effects of shock on the boundary layer, which was turbulent
in the region of mixed flow on both contours, were more severe on the
contour with the single curvature peek at least up to a flight Mach
nmumber of 0.731l. On both contours the displacement thickness and the
shape peremeter (ratioc of displacement thickmess to momentum thickness)
increased rapldly through shock. Downstream of shock the displacement
thickness increased at a slower rate but the shape persmeter decreased.
The displacement thickness increased as much as 350 percent through
ghock on the contour with the single peak curvature., At the same
time the shape parsmeter increased to about 4.0 behind shock but
decreased to 1.9 Parther dowpstream. (Values of the shape parameter
of 1.8 to 2.6 are usually associated with separation or imminent
separation at low speeds.) Surface tuft observatlons indicated
separation of the turbulent boundary layer behind shock with
reattachment downstream. No flow separation was observed from tuft
surveys on the contour with the double pesk curvature at least up to
a flight Mach number of 0.731.

Langlsy Aeronautical Laboratory
National Advisory Commlitee for Aeronautics
Langley Field, Va.
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APPENDIX

Bvaluation of M.~ The value of My was determined from static—

pressure measurements in subsonic and supersonic flow by the use of
Bernoullits equation for compressible flow

4
Py - 7=
-2 = (1 + L‘_I'M’62>
P 2

where py 18 the free—stream total pressure measured by a pitot tube
o]

mounted on a boom sghead of the alrplane wing. In the subsonic flow
behind shock on thé wing the use of the free—stream value of btotal
pressure was Justlified by the boundary—layer measurements which showed
that the tobtal pressure immedistely ocuktside the boundery laysr was within
1/2 percent (including experimental error) of free—stream total pressure.
A normal shock extending into the boundary layer would have gliven a

losgs in totel pressure of as much as 3 percent of free—stream tobtal

pressure 1ln some cases.

The Mach nuwber M in the boundary layer was determined from the
total-pressure measurements by the use of Bernoullits equation when

P-PE < 1.893 (subsonic Flow)

4

-1
_Pi_—; G_.l.?,_:-_l_M%
P 2
Py

and the following expression (reference 3) when > > 1.893 (supersonic

Plow)

1

(v + 1) v (y + 1)°M2 =
2 hoMe — 2(y - 1)

Pt
> =

In the boundary—layer measurements the static pressure was msasured
only at the surface. 8Slnce the statlic-pressure varilation across the
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boundary layer is of second order under ordinsry pressure gradients
and. is also small in the presence of shock (see £ig. 18 of reference l),
it was neglected in the computation of Mach mumber.

Evalustion of 8* apd 6.— The displacement thickness &% and
momentum thickness 6 are defined by the following equations:

and
pu u
o [P D) o
o %“5(
where
1=£/E
s My VT
ﬂ__i?ﬁi\/_—?_'
M /T
= -5
LA

and p/py 1s assumed to be 1.0.

The temperature decrease fram the wing surfsce to the edge of the
boundsry layer is shown in reference 4 to be:

y-1_02
Ty — Ty = —5— Mg Tpo”
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where

Q
I

= 0. T+ for Ty = Loo

B3
i

-33= for turbulent flow

Therefore

Ty _ 2
TS..1+o.18M5

If the distribution of the temperature difference bebtwsen the
surface and any point in the boundary lsyer 1s assumed to be similar
to the Mach number distribution in the boundary layex then:

- M
T~ Tg My
or
T _ E-) _M
T8—1+ N 1@ Ms
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TABLE I.- ORDINATES OF CONTOURS A AND B

FROM AN ARBITRARY CHORD LINE

Tu/c
x/c 1/e
(both contours) Contour A Contour B
0 o} 0 0
125 0167 0185 0185
025 0227 0262 0262
.050 0302 .0374 037k
075 0358 Oh52 Ool52
«10 .0403 .0519 0519
15 0468 0645 0645
20 L0517 L0752 . 0752
25 .0553 0845 0845
'30 '0578 -09]_1 00920
35 | mmemmmmememeeen 0939 0956
10 .0592 0943 0963
L e 0934 <0947
.50 0559 <091k «0900
55 | memmmmmmemeee—ae 0873 .0839
060 -0458 -0806 -0772
65 | mmmmmmemcmeeee- 0709 0683
.70 0312 0584 0575
5 | eemmememmeemee- .0k50 0l50
.80 L0173 .0353 .0353
.90 .0054 0145 .0145
.95 .0020 0060 0060
1.00 o] 0 0

13



O

——— Samre Conroua

——— Contour A

Comtour B

——— T ——'\‘__:\-
—Ea
05
3]
S0 : - — -
. I

| ] | | I i

| 1 L1 | | I |
SO A2 RS 30 335 H0 AT S0 S5 60 BS 70 5 .80 B5 .90 .

x/c

Figure 1.~ Sketch of section of basic contour, contour A,and contour B,
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Figure 2.- Arrangement of boundary-layer racks at 41.9 and 52.0 percent chord on Contour A.
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{b) Side view.

Figure 2.- Concluded,
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Figure 5.~ Distribution of Mg , for various values of My and Cy,

along upper surface of contour B. ILocal curvature of the contour
is also shown.
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